INTRODUCTION
Despite decades of research, lung transplantation (LTx) continues to be the only definitive treatment for many chronic respiratory illnesses. The major obstacle that LTx faces, however, is the paucity of viable organs available for transplant. As of 2012, donor lung utilization rates hovered at only 37% [1] , indicating a major clinical disparity between the number of patients awaiting LTx and available donor lungs. This is due largely in part to preexisting lung disease in deceased donors, which include pneumonia, acute lung injury and chest trauma [2] . Because of this, there is an ever-increasing need for alternative sources of organs for patients awaiting lung transplant. Xenotransplantation, or interspecies transplantation, is a potential solution, as it would offer the benefit of a potentially limitless supply of organs.
Recently, several groups have demonstrated promising results with marked survival of genetically engineered porcine organs in nonhuman primates (NHPs) [3 && , 4, 5, 6 && ,7 && ]. However, progress in the field of xeno lung transplantation (XLTx) has been frustratingly limited, with only moderate clinical successes and survival rates measured in days [8 & ]. The reasons for this are most certainly multifactorial, and are likely because of multiple immunologic and nonimmunologic barriers unique to the lung. This review describes the recent progress in
TEXT OF REVIEW
Xeno lung transplantation in small animal models: greater than 3 months survival of orthotopic lung transplantation in hamster to rat models
One of the earliest demonstrations of XLTx was in 1998, in which Miyata et al. [9] demonstrated interspecies graft survival of over 3 months in a hamster to rat model [10, 11] . Miyata et al. [9] performed XLTx using Golden Syrian hamsters as donors and Lewis rats as recipients, followed by a short course of tacrolimus and cyclophosphamide in their experimental groups. They reported that after left LTx was performed, the rats that were treated with tacrolimus and cyclophosphamide had a median graft survival time (MST) of 96.5 days, whereas MST of control animals without treatment was 3 days.
Xeno lung transplantation in pig to nonhuman primates
Even though Miyata's et al. [9] results were promising, the outcomes of larger animal models pertaining to XLTx have remained limited. Although there has been marked improvement in the survival of various solid organ xenografts in pig-to-NHP models [3 && ,4,5,6 && ,7 && ], the longevity of xeno lung grafts in these large animal models is brief with only sporadic reports of survival beyond 3 days [12] . Burdorf et al.
suggested that slightly better outcomes may be possible by utilizing porcine lungs from multitransgenic (Tg) donors. In this study, even though the recipient animals survived until postoperative day (POD) 8, no histologic evidence was presented to show the health of the graft beyond POD 3. At time of necropsy, the authors found completely rejected porcine lungs. The longest survival with a histologically proven lung graft at POD 5 in a baboon, however, was reported by Cantu et al. [13] in 2007 in which the authors presented evidence of a viable lung graft on POD 5. The authors had previously demonstrated the key role that swine pulmonary intravascular macrophages (PIMs) play in the hyperacute dysfunction and consumptive coagulopathy that is characteristic of lung xenotransplant. In addition to their scavenging function, PIMs produce a number of proinflammatory cytokines and procoagulant factors. Cantu et al., using an in-vivo pig to primate orthotopic LTx model after PIM depletion, were able to abrogate the consumptive coagulopathy seen in controls and extend graft function to 24 h. The authors sought to evaluate whether the depletion of von Willebrand factor (vWF) along with the absence of PIMs would have an additive effect on pulmonary xenograft survival. Utilizing a left single-LTx model, baboons depleted of antiaGal antibodies received lungs from either vWF-deficient (n ¼ 2), human membrane cofactor protein (hMCP)-expressing (n ¼ 5), hMCP PIM-depleted (n ¼ 5) or vWF-deficient PIM-depleted swine (n ¼ 3). Two out of three of the PIM-depleted, vWF deficient grafts survived up to 5 days. Depletion of PIMs from vWF-deficient lungs, like depletion of PIMs from hMCP lungs, resulted in abrogation of the coagulopathy associated with pulmonary xenotransplantation. This is most likely because of the interplay between the inflammatory response and the coagulation cascade witnessed with acute lung rejection. Their experiment supported the ex-vivo perfusion data [14] that vWF plays a role in the 'delayed' (24 h) dysfunction observed in pulmonary xenotransplantation using PIM-depleted hMCP swine lung. Figure 1 illustrates a potential cascade of the early xeno lung graft loss associated with endothelial injury (Fig. 1) . Recent studies have shown that the vasculature of the lung xenografts releases larger quantities of vWF compared to cardiac or renal xenografts [15] , porcine vWF binds to human or NHP Glycoprotein Ib (GPIb) on platelets even in the absence of shear stress, resulting in abnormal platelet activation and aggregation following XLTx [16] ; GPIb blockade significantly reduced platelet activation and delayed platelet sequestration. This effect was amplified by pretransplant depletion of
KEY POINTS
The striking differences in survival times that are observed between XLTx in small animal models vs. lung grafts in pig to NHP models, as well as the marked improvement in the survival of various solid organ xenografts in pig to NHP models, are all suggestive of the presence of unique immunologic and nonimmunologic barriers that exist in pig to NHP XLTx.
In order to prevent rapid lung xenograft dysfunction, ex-vivo lung perfusion models as well as in-vivo pig to NHP lung transplant models have been utilized to study the effects of genetically modified pigs along with novel pharmaceutical therapies.
Because the longest survival with histologically proven viable lung grafts in NHP has been limited to only 5 days, further innovative strategies including the genetic manipulation of donors, as well as the inflammation/ coagulation cascade, will be required to make XLTx a clinical possibility.
Ex-vivo lung xeno-perfusion models of porcine lungs to determine possible mechanisms of the early loss of xenolung grafts
In order to determine the mechanisms of early graft loss of porcine lungs in NHP, the Maryland group and others have performed studies using models consisting of porcine ex-vivo lungs perfused with human blood. The aim is to evaluate the effects of genetically modified pig lungs, as well as pharmaceutical approaches on preventing rapid xeno lung rejection [18] .
GalTKO or hCD46/GalTKO lungs
When wild-type swine lungs are perfused with human blood, the grafts demonstrate rapid respiratory failure within 10-20 min. In contrast, GalTKO lungs are noted to survive for over 120 min when perfused with human blood [19] [20] [21] . Platelet sequestration, a known sign of acute rejection, was also diminished in GalTKO lungs relative to wild-type lungs. In addition to GalTKO, the role of human complement regulatory protein hCD46 was also investigated. In hCD46/GalTKO lungs, longer MST was observed compared to GalTKO lungs (171 min for hCD46/GaTKO vs. 120 min for GalTKO) [22] . There were also diminished platelet and coagulation cascade activation, neutrophil sequestration and histamine release within the first 120 min of perfusion. FIGURE 1. Strategy to overcome acute pulmonary xenograft dysfunction. The large surface area of pulmonary vascular and alveolar endothelium is thought to be a particularly susceptible target to injury following xeno lung transplantation. Endothelial cell injury after xeno lung transplantation results from severe inflammatory or coagulation dysregulation, which are amplified by the incompatibility between pig and human inflammation/coagulation cascade regulatory proteins, as well as high levels of procoagulant vWF or proinflammatory pulmonary intravascular macrophages. This ultimately leads to rapid xenogenic lung dysfunction. Several approaches including the use of genetically modified pig lungs, along with pharmaceutical therapies, have been shown to prevent rapid lung xenograft dysfunction.
Lung xenotransplantation Sahara et al.
Human thrombomodulin/hCD46/GalTKO or human endothelial protein C receptor/ hCD46/GalTKO lungs As eluded to previously, incompatibility between pig and human proteins related to the interplay between inflammation and the coagulation cascade is one of the key factors of early lung xenograft failure. Human thrombomodulin (hTBM) is expressed on vascular endothelium and binds to human thrombin to act as an anticoagulant. Thereafter, this hTBM/thrombin complex activates protein C to produce activated protein C, which possesses anti-inflammatory and cytoprotective activities via human endothelial protein C receptor (hEPCR) [23] . However, pig TBM is a poor regulator of human thrombin, leading to the development of microvascular thrombosis as well as severe inflammatory responses in pig-to-primate xenografts [24] . Harris et al. [25 & ] hypothesized that by adding hTBM or hEPCR to the genetic background of transgenic hCD46/GalTKO swine, this would have a protective effect against the complement-driven rejection of lung xenografts. Unfortunately, hTBM/hCD46/ GalTKO lungs did not show significant clinical effect when used in an ex-vivo lung xeno-perfusion model, although the additionally expressed hEPCR on hCD46/GalTKO did slightly prolong the lung xenograft MST up to 240 min from 171 min [26] . The authors suggested that to optimize the activation of human protein C, coexpression of hTBM and hEPCR may be required [25 & ].
hCD39/GalTKO lungs
Inflammatory mediator generation is an additional key therapeutic target in XLTx. hCD39 is a cell surface molecule that converts adenosine triphosphate (ATP) and adenosine diphosphate (ADP) to adenosine monophosphate (AMP), which is then converted to adenosine by hCD73 [27] . The net effect is removal of the proinflammatory signal ATP and the platelet agonist ADP, and generation of adenosine, which possesses anti-inflammatory effects [27] . It has been hypothesized that the expression of hCD39 and/or hCD73 in donor pigs would provide both thromboregulatory and antiinflammatory effects [28] . Unfortunately, the effects of hCD39 expression on pulmonary xenograft survival have been inconclusive to date [20,25 & ], and further studies are required to elucidate the exact role that expression of CD39 on pulmonary xenografts would play in extending their survival. This would involve additional studies of coexpression of hCD73 to enhance the hydrolysis of extracellular AMP to adenosine [29] .
Heme oxygenase-1/hCD46/GalTKO lungs Heme oxygenase-1 (HO-1) is an inducible enzyme and a fundamental sensor of cellular stress and directly contributes toward limiting or preventing tissue damage [30] . Expression of hHO-1 on hCD46/ GalTKO has been shown to reduce inflammation and improve pulmonary xenograft survival in ex-vivo perfusion models [25 & ].
hHLA-E/hCD46/GalTKO lungs Natural killer (NK) cell activation is negatively regulated by binding to human leukocyte antigen-E (HLA-E) [31] , and Laird et al. [32] had hypothesized that hCD46/GalTKO pig lungs genetically modified to express HLA-E would be protected against NK cellmediated injury and display prolonged lung function. In fact, they were able to show that relative to hCD46/ GalTKO pig lungs perfused with human blood on an ex-vivo platform, additional expression of HLA-E increased MST from 162 min to more than 240 min.
N-glycolylneuraminic acid-KO lungs
During ex-vivo perfusion with human blood, GalTKO swine lungs survive approximately 2 h relative to wild-type (<15 min) [19] , whereas in-vivo lifesupporting lung transplants in baboons have been shown to survive on average 215 min (described below in-vivo section) [33] . N-glycolylneuraminic acid (NeuGc) is one of the most significant xenoantigens in GalTKO organs. Recent studies have examined the role that preformed human antibodies directed at Neu5Gc play on xeno lung graft failure. These studies have demonstrated that human serum anti-NeuGc IgM titers decreased approximately 40% during the ex-vivo perfusion of hCD46/GalTKO lungs, whereas anti-NeuGc IgM titers did not fall during the perfusion of NeuGcKO lungs [34] .
Other pharmacologic interventions
Recent studies have demonstrated that thromboxane synthase inhibition along with histamine receptor blockade improves ex-vivo hCD46/hCD55/ GalTKO pig lung function. In contrast, control lungs have shown a pulmonary vein resistance (PVR) rise within the first hour of perfusion (mean PVR at 30 min: 286 AE 83 mmHg/min/l), whereas treated lungs exhibited no rise in PVR throughout the experiment (33 AE 3 at 30 min) [35] .
In-vivo pig-to-nonhuman primate lung transplant models: overcome the limitation of ex-vivo lung xeno-perfusion models Although ex-vivo lung xeno-perfusion models have the advantages of allowing direct study of human antipig responses both mechanically and physiologically [18] , this model is limited to only short-term effects (usually within 4 h). Another short coming of this study design is that exposure of blood to the artificial surfaces of the ex-vivo perfusion circuit along with the concomitant intensive anticoagulation response could introduce potentially confounding variables [33] . Because of this, ex-vivo perfusion models may be significantly flawed, and in order to establish the long-term evaluation of lung injury and performance studies utilizing porcine orthotopic, XLTx in NHP is critical.
GalTKO lung in baboons
In 2007, Nguyen et al. were [33] the first to demonstrate the in-vivo protective effects of the GalTKO transgene on lung xenografts. In their study, three GalTKO left swine lungs were compared with two swine lung xenografts transgenic for hCD46 in baboons in a life-supporting model. Two of three GalTKO lungs supported life for 90 and 215 min, and displayed low PVR (48 AE 12 mmHg Â min/l at 60 min), whereas hCD46 Tg lungs exhibited high PVR (> 500 mmHg Â min/l) and failed to support life by the 21st min of the study. GalTKO swine lungs seem to have some protective effect in vivo from the physiologic consequences associated with hyperacute lung rejection. However, it is apparent that GalTKO itself is not sufficient to protect grafts from early rejection characterized by increased pulmonary vascular resistance, capillary leak and endothelial injury.
hCD46/GalTKO lungs in baboons
In accordance with the progress of the latest geneediting technology, an increasing number of genetically engineered pigs are becoming available [36] [37] [38] . Burdorf and Pierson [39] have performed life-supporting lung transplants in baboons using hCD46/GalTKO porcine lung grafts. The addition of hCD46 had almost no effect on prolonging graft survival times, with the average time of viability having a median of 240 min, range 0-240 min.
hCD55/GalTKO lungs in baboons
The rapid development of disseminated intravascular coagulation (DIC) is a well-known hindrance to the success of pig to baboon XLTx. Bush et al. [40] sought to show that porcine GalTKO lungs that also expressed the complement regulatory protein hCD55 would prevent this consumptive coagulopathy. For their study, the group utilized two baboons that were depleted of macrophages in a nonlifesupporting model. Orthotopic transplant of the left lung was then carried out using hCD55/GalTKO swine lungs. Both cases developed DIC and lost grafts within 48 h of reperfusion (3.5 and 48 h) with associated thrombocytopenia.
hCD55/human endothelial protein C receptor/hCD47/hTFP/hCD46/GalTKO lungs in baboons XLTx was performed using swine lungs with six genetic modifications (hCD55/hEPCR/hCD47/ hTFP/hCD46/GalTKO). The grafts were then treated with DDAVP, followed by the treatment with an extensive pharmacologic and immunologic regimen. This included pretreatment with steroids, C1 esterase inhibitor, heparin, thromboxane synthase inhibitor, histamine receptor blockers, anti-GPIb Fab and immunosuppression including antithymocyte globulin, Mycophenolate mofetil and tacrolimus or anti-CD40 antibody. The authors reported that extubation was successfully performed in 54% (seven of 13) of the cases, and within these seven cases the posttransplant survival of the recipients ranged from 1 to 8 days, although no histological data were presented to demonstrate the survival of the grafts beyond POD 3 [
Summary of published data on in-vivo pig-tononhuman primate xeno lung transplantation
To date, the most commonly used in-vivo XLTx model involves a left single lung xenograft that is orthotopically transplanted into an NHP. Thus far, the longest survival with histologically proven viable lung grafts in baboons has been reported by Cantu et al. [13] in 2007 in which they used membrane cofactor protein Tg pigs as donors (Table 1) [8 13, 33, 39, 40] . Since then, multiple Tg to GalT-KO studies have been conducted; however, none of them to date has been able to avoid the very early acute rejection response. Pig xeno lungs have proven to be highly susceptible to acute humoral rejection in which the fragile alveolar capillary endothelium is able to be damaged by preformed natural antibodies (nAb) even at low levels. Because of the robust innate and adaptive immunologic response, as well as pig xeno lung's susceptibility to preformed antipig antibodies, innovative strategies must be developed to overcome the many barriers to making pig lungs a viable option for xenotransplantation.
Our recent data and strategies to overcome the early loss of xeno lung grafts that further strategies, besides muti-Tg donors, are required to prolong the paltry lung graft survival from days to months. Among the strategies we are currently exploring for this purpose include a novel means of minimizing the inflammatory response caused by preformed nAb, macrophages, NK cells, T cells and B cells before transplantation. An operative strategy that we are developing involves cotransplanting a vascularized thymic graft along with the lung from the same swine donor. This is a strategy we have recently utilized in a baboon recipient of a pig kidney that has achieved greater than 6-month survival, along with evidence of recipient donor-specific unresponsiveness at both T-cell and B-cell levels [6 && ]. Another technique involves the use of intrabone bone marrow transplantation. Our prior work with this technique has allowed pig bone marrow cells to engraft for over 28 days in a baboon, which resulted in the induction of donor-specific unresponsiveness in vitro and prolonged survival of a xenokidney [41] . Finally, we are using a technique that has markedly improved ischemia-reperfusion injury of swine lungs, as well as improved their survival across allogeneic barriers that involves using a lung-specific carbon monoxide inhalation strategy [42, 43] . We believe that the application of these strategies are the crucial next steps in progressing the field of XLTX, and they will result in overcoming the unique immunologic barriers that XLTx presents.
CONCLUSION
According to the Registry of the The International Society for Heart & Lung Transplantation, the 5-year patient survival for allogeneic lung transplant recipients is only 54%, with as many as 21% of these patients dying from acute rejection or graft failure. In addition, 29% of surviving lung transplant recipients require treatment for acute allograft rejection within a year of their transplant. [44] . With such poor success rates with allogeneic lung transplants, it comes as little surprise that successful lung transplants from differing species would present an even greater level of difficulty. It has been shown that the unique structure of swine alveolar capillary endothelium is particularly susceptible to preformed antipig antibodies that are generated across species barriers. The immunoresponses that are associated with species incompatibility serve to severely damage the endothelium of capillary loops of pig lungs, resulting in the accelerated acute xenograft humoral rejection seen in primates after transplant.
The development of new multitransgenic GalTKO pigs has demonstrated marked prolongation of porcine xenograft survival after orthotopic transplant into NHP. However, advancement in XLTx has remained frustratingly limited. As reviewed in this article, the lung possesses several unique immunologic and nonimmunologic barriers that continue to stifle progress in the field of XLTx.
Intensive and innovative strategies such as genetic manipulation of donors, coagulation dysregulation and the development of novel therapies to induce tolerance must be developed to make XLTx a clinical possibility.
